Phenotypic heterogeneity in X-linked hypophosphatemic rickets (XLH) is ascribed to variable penetrance of the genetic abnormality. However (4.7±0.3 mg/dl) and phosphate (P)-depleted mice (4.9±0.4) was significantly less than normal (8.4±0.5). Consistent with P depletion, the Gy mice exhibited enhanced renal 25(OH)Dla-hydroxylase activity (9.3±0.6 fmol/mg kidney per min), similar to that of P-depleted normals (9.1±1.5), but significantly greater than that of controls (3.1±0.3). Such normal enzyme responsiveness was confirmed upon PTH stimulation (1 IU/h s.c.), which revealed that Gy mice increased renal 1-hydroxylase (59±7.7) similarly to normals (65±7.7) and Pdepleted animals (58.4±7.8). Calcitonin administration also enhanced enzyme function comparably in the animal models. Evidence confirming normally responsive calcitriol production in untreated Gy mice included increased serum 1,25-dihydroxyvitamin D levels, gastrointestinal calcium absorption, and urinary calcium. The normally regulated vitamin D metabolism in Gy mice indicates that biochemically diverse disease may result from mutations in the gene family regulating renal P transport and underlying X-linked hypophosphatemia. We suspect such heterogeneity is due to altered P transport at variable segments of the proximal convoluted tubule. (J. Clin. Invest. 1990. 85:334-339.) calcitriol -hypophosphatemia. 
Introduction
X-linked hypophosphatemic rickets/osteomalacia (XLH)' is the prototypic form of vitamin D-resistant disease in man.
Since its initial description in 1937 (1), a remarkable phenotypic heterogeneity has been observed in patients with this disorder (2) (3) (4) (5) . In general, such heterogeneity has been ascribed to variable penetrance of the genetic abnormality (6) (7) (8) . However, recent studies of hypophosphatemic (Hyp) and gyrorotany (Gy) mice, murine homologues of the human disease, indicate that mutations at two distinctly different loci along the X chromosome, which regulate renal phosphate transport, may underlie genetically transmitted hypophosphatemic disorders (9) . Accordingly, genetic heterogeneity may be an additional determinant of the phenotypic variability characteristic of XLH.
Whether such genetically determined variance includes biochemical diversity, however, remains unknown. Preliminary studies by Lyon et al. (9) indicate that Hyp and Gy mice, in fact, share similar abnormalities, such as hypophosphatemia and renal phosphate wasting. However, these investigations did not include examination of many of the classic biochemical defects characteristic of XLH. In this regard, previous work has established that Hyp mice exhibit abnormal phosphate/PTH regulation of renal 25-hydroxyvitamin D (25 [OH]D)-1 a-hydroxylase activity (10) (11) (12) (13) . Thus, in the present study we tested for the presence of genetically determined biochemical heterogeneity by examining if Gy mice exhibit disparately regulated calcitriol production. Our discovery that Gy mice display normally regulated vitamin D metabolism suggests that biochemically diverse hypophosphatemic disorders may result from mutations in a gene family regulating renal phosphate transport.
Methods

Animals
Normal B6C3H male mice and B6C3H heterozygous female Gy mice obtained from the Jackson Animal Laboratories (Bar Harbor, ME) were mated, and male and female weanling Gy mice obtained from the resultant litters were identified by their characteristic phenotypic appearance and their serum phosphorus level (9) at 4-5 wk of age. Gy mice of both sexes were used in our investigation since we found that the biochemical expression of the Gy mutation is present to an almost identical extent in females, despite the X-linked dominance of the disorder. An equal number of male and female normal littermates were also chosen. All animals received an appropriate diet (as described below) and deionized water ad lib until study 4-5 wk later.
Co., Madison, WI), and P-depleted normal mice given an otherwise identical ration with 0.02% inorganic phosphorus for 3 wk before study. At Urinary calcium excretion. In subsequent studies we measured urinary calcium excretion in normal, Gy, and P-depleted mice. In ageand sex-matched groups of five mice, spontaneously voided urine was collected three times daily. This procedure was repeated five times, 4 
Analytical methodology
In vitro assay of murine renal 25(OH)D-Ja-hydroxylase activity. We measured the maximum velocity of I a-hydroxylase in kidney homogenates by our previously described method (17) (20) . The adequacy of all statistical models was examined using residual plots, Bartlett's test for homogeneity of error variance, and cumulative normality probability plots. mg/dl, values significantly less (P < 0.001) than that of normals (8.4±0.5 mg/dl), but not statistically different from each other. In contrast, the serum calcium level of Gy (8.1±0.15 mg/dl) and normal mice (8.3±0.16 mg/dl) was significantly less (P < 0.001) than that of the P-depleted mice (9.8±0.17 mg/dl). In accord, the serum iPTH concentration was no different in the normal (61±2.3) and Gy (60±2.5) mice, but significantly less (P < 0.05) in P-depleted animals (45±3.5). Regardless, consistent with the serum phosphorus levels, Gy mice exhibited renal 25(OH)D-la-hydroxylase activity similar to that of P-depleted mice and significantly greater than that of normals (Fig. 1) . In accord, the Gy and P-depleted mice manifested elevated serum 1 ,25(OH)2D levels (Fig. 1) .
PTH effects. Administration of PTH (1 IU/h s.c.) to normal, Gy, and P-depleted mice resulted in significant incre- N ments of similar magnitude in the serum calcium concentrations after 24 h (Fig. 2) . Comparable increases of iPTH to levels > 1,000 were also observed. In contrast, the serum phosphorus level in normal and Gy mice decreased significantly but paradoxically increased in P-depleted animals (Fig. 2) . Nevertheless, PTH administration increased enzyme activity in Gy mice eightfold to a level comparable to that achieved in both normal and P-depleted mice (Fig. 3) .
Calcitonin effects. In further experiments administration of calcitonin (2 IU/h s.c.) to normal, Gy, and P-depleted mice did not result in significant changes in either serum calcium or phosphorus concentrations after 24 h. Similarly, no alterations of serum PTH from baseline levels were observed after the calcitonin infusion. However, normal, Gy, and P-depleted mice responded to the standard calcitonin stimulus with a significant enhancement of renal 25(OH)D-1 a-hydroxylase activity. More importantly, the level of enzyme activity achieved after hormonal stimulation was identical in all of the animal groups (Fig. 4) .
Calcium homeostasis in normal, Gy, and P-depleted mice Gastrointestinal calcium absorption. and P-depleted mice exhibited increased gastrointestinal calcium absorption compared with that in normals. Indeed, the activity maintained in the Gy mice (9.9±1.5 mg/mg protein) was no different than that displayed by P-depleted animals (9.2±0.8), but fully threefold greater (P < 0.01) than that observed in the normals (3.2±0.1). Uca excretion. Consistent with the increased gastrointestinal calcium absorption, Gy and P-depleted mice exhibited a significant elevation of Ua,, excretion compared with that of normals. In this regard the Uca/U,. in Gy mice (0.20±0.030) was twofold greater (P < 0.01) than the observed value in normals (0.09±0.0 10) but significantly less (P < 0.05) than that in P-depleted mice (0.29±0.018).
Discussion
The paradoxical occurrence ofhypophosphatemia and normal serum calcitriol levels in patients with XLH (19, 21, 22) lase activity is a feature of this vitamin D-resistant disease. Indeed, studies in Hyp mice have established such defective regulation and indicate that the abnormal function is confined to a P/PTH-responsive enzyme that may be localized to the proximal convoluted tubule (PCT; 10, 11, 23) , the site of the abnormal phosphate transport (24) (25) (26) characteristic of the disorder. While anatomic evidence for enzyme localization has not been obtained in the mouse as it has in the rat (27, 28) and fetal rabbit (29) , these observations do suggest that the aberrant vitamin D metabolism in XLH is probably an acquired defect dependent on the disturbance in phosphate transport and consequent alterations of the intracellular milieu (23, 30) . Therefore, the recent observation that altered renal P transport in Hyp and Gy mice is due to independent mutations in a family of genes on the X chromosome (9) raises significant questions regarding the ubiquity ofthe acquired defect in vitamin D metabolism in these genetic variants of the hypophosphatemic disorder.
Thus, we undertook the work documented in this report to study the regulation of renal 25(OH)D-la-hydroxylase in the Gy mouse. In our investigations we observed normal regulatory control of enzyme activity in these mutants. Consequently, a similar degree of phosphate deficiency (hypophosphatemia) in Gy and P-depleted animals under basal conditions resulted in an equivalent (approximately threefold) increment of renal 25(OH)D-la-hydroxylase above that maintained in normal mice (Fig. 1) . In addition, after 24 h of PTH infusion (1 IU/h), kidney homogenates from Gy mice exhibited an increase of enzyme activity to a level no different from that attained in similarly treated normal and P-depleted animals (Fig. 3) . Moreover, these PTH-mediated changes occurred in association with equivalent increments in both serum calcium (Fig. 2) and iPTH in each animal model, confirming that the observed alterations represented response to a uniform stimulus. Collectively, these data indicate that renal 25(OH)D-l a-hydroxylase activity in the Gy mouse model of XLH is normally regulated by factors that probably regulate enzyme function in the PCT. These observations are in sharp contrast to those previously reported in Hyp mice (10) (11) (12) .
However, similar to the Hyp mutant (23), Gy mice also displayed normal calcitonin regulation of enzyme activity probably localized in the proximal straight tubule. In this regard, after hormone infusion (2 IU/h) for 24 h, renal homogenates from Gy, normal, and P-depleted mice exhibited enhancement of 25(OH)D-l a-hydroxylase to equivalent levels (Fig. 4) . Moreover, these changes occurred in the absence of any calcitonin-induced alteration in serum calcium, phosphorus, or iPTH, factors that might independently modulate the enzyme activity.
We confirmed the apparent normal regulation of renal 25(OH)D-1 a-hydroxylase in Gy mice by investigation of calcium homeostasis. In this regard, Gy mice under basal conditions maintained an elevated serum 1,25(OH)2D level (Fig. 1) . However, the circulating concentration of this active vitamin D metabolite was not as great as that sustained by P-depleted animals. This difference may be due to variable 1,25(OH)2D metabolism in the Gy and P-depleted mice, or to an as yet undetermined factor. In any case, Gy mutants in accord manifested enhanced gastrointestinal calcium absorption, an abnormality consistent with increased 1,25(OH)2D production and elevated serum calcitriol levels. In fact, the observed increment of calcium absorption above normal was comparable to that in P-depleted mice in which the renal 25(OH)D-la-hyRegulation of I-Hydroxylase in Gy Mice 337 droxylase and serum calcitriol were also increased. In addition, both the Gy and P-depleted mice displayed elevated levels of U, excretion, changes reflecting the observed enhancement of gastrointestinal function. The greater increment in U.< exhibited by the P-depleted mice undoubtedly reflects the increased serum calcium concentration and suppressed iPTH levels in these animals. The failure of Gy mice to manifest hypercalcemia under basal conditions is probably due to osteomalacia which may influence the setting of the serum calcium level. Indeed, Hyp mice treated with pharmacological amounts of calcitriol do not develop an abnormally elevated serum calcium concentration (31) (32) (33) .
The occurrence of normally regulated vitamin D metabolism in a hypophosphatemic rachitic/osteomalacic disorder is not without precedence. Liberman and his associates (34, 35) have recently described a new entity consisting of hereditary hypophosphatemic rickets associated with marked hypercalciuria, normocalcemia, and elevated serum 1,25(OH)2D levels. This phosphopenic rachitic syndrome bears remarkable similarity to the disease expressed in the Gy mouse. However, the genetic transmission of hypophosphatemic rickets with hypercalciuria is autosomal recessive and not X-linked dominant. Liberman (36) has also reported the existence of a Fanconi syndrome variant in which renal phosphate wasting and hypophosphatemia occur in concert with normally regulated vitamin D metabolism. A similar association has not yet been observed in patients with a rachitic/osteomalacic disease transmitted in an X-linked dominant fashion. Heterogeneity in XLH, however, is common. Indeed, a subgroup of affected patients with diminished hearing, a unique feature of the disease in Gy mice, has recently been recognized (37, 38) . Investigation of vitamin D metabolism in these individuals has not been reported.
The pathophysiological mechanism underlying the disparate relationship between hypophosphatemia secondary to renal phosphate wasting and 1,25(OH)2D production in Gy and Hyp mice remains unknown. According to prevailing physiologic concepts, two alternative possibilities can be envisioned. First, the tubular locus for the defective phosphate reabsorption in both mouse models may be similar but the integrative system responsible for 1-hydroxylation of vitamin D is uniquely normal in the Gy mice. Normal calcitonin regulation of 25(OH)D-1 a-hydroxylase activity in Hyp mice, however, indicates that such a possibility remains unlikely. Alternately, the affected sites for the renal tubular phosphate reabsorption may be different in Hyp and Gy mice and thereby variably influence 1,25(OH)2D production. In this regard the selective presence of abnormal phosphate transport in the S1 and S2 segments of the PCT in Hyp and Gy mice, respectively, can explain the inconsistent abnormality of vitamin D metabolism in these animal models. Such a defect in the SI component of the PCT in Hyp mice would directly influence or impair renal 25(OH)D-1 a-hydroxylase activity. In contrast, abnormal phosphate transport in S2 segments (possibly devoid of l-hydroxylase activity) of Gy mice would have no direct effect on enzyme function. Rather, the loss of phosphate should result in a compensatory enhancement of phosphate flux in SI segments, similar to that which occurs after dietary phosphate depletion. A consequent increase in 25(OH)D-1 a-hydroxylase and the ability of PTH to modulate this enzyme function should ensue. While further data will be necessary to confirm this difference in the pathophysiological mechanism underlying the disease in Hyp and Gy mice, the recognition that the disorders in these animal models result from mutations of distinct members of a gene family favors the latter hypothesis. In this regard, previous studies indicate that genes within such a family, although regulating related or identical functions, may be expressed at different times during development or in different cell types (39) , in this case cells from the SI and S2 segments of the PCT.
In any case, although no previous studies of vitamin D metabolism in Gy mice have been conducted, Lyon et al. (9) have reported urinary calcium data in these mutants that contrast with ours. She found that Gy and Hyp mice have significantly reduced U.< excretion compared with normal. However, calcium levels in the urine of C57BL6J normals was inexplicably fivefold greater than those in our study and those of others (29, 40, 41) . While this may explain the apparent disparity regarding Gy mice, the equal Ua excretion of Hyp and Gy mutants, as reported by Lyon et al. (9) , is irreconcilable with our observation that Hyp mice maintain UVa less than that of Gy mice and no different from that of C57BL6J normals (0.13±0.01 vs. 0.1 1±0.01). Whether maintaining the Gy mutation on a different genetic backgrounds (B6C3H vs. C57BL6J) underlies these differences remains undetermined.
Regardless, we believe that our measurements of renal 25(OH)D-1 a-hydroxylase in Gy mice provide new and important data necessary to a complete understanding of the pathophysiology underlying the hypophosphatemic diseases. Indeed, our observations suggest that the phenotypic heterogeneity common to XLH may be due, in part, to genetic variability. In addition, the similarity of the autosomally transmitted human disorder hereditary hypophosphatemic rickets and hypercalciuria to the X-linked dominant disease of Gy mice suggests that regulation of phosphate transport along the renal PCT may be subject to a multigenic influence. We therefore postulate that the normal regulation of vitamin D metabolism in Gy mice probably results from an alteration of phosphate transport at a site in the PCT that does not negatively influence the milieu of 25(OH)D-1 a-hydroxylase-bearing cells.
